Kip1 plays an important role in cell cycle regulation. The cyclin-dependent kinase-inhibitory activity of p27
1
Such CDK activities are regulated by association with cyclins and small CDK inhibitors, including the INK4 family (p16 INK4a , p15 INK4b , p18 INK4c , and p19 INK4d ) and the CIP/KIP family (p21 Waf1/Cip1 , p27 Kip1 , and p57 Kip2 ) (1) . p27 Kip1 is a nuclear protein that negatively regulates G 1 cell cycle progression by sequestering and inactivating cyclin E-or A-CDK2 complexes (2, 3) . The activity of p27
Kip1 is controlled by the protein's concentration, its distribution among different cellular complexes, and its cellular localization (1) . In many human cancers, reduced p27
Kip1 expression is frequently observed, and this reduction is reported to correlate with tumor progression and poor patient survival (4 -7) . Thus, p27
Kip1 may play a crucial role in tumor suppression by inhibiting abnormal cell cycle progression.
The expression of p27 Kip1 is transcriptionally and post-translationally regulated. The phosphatidylinositide-3-OH kinase (PI3K)/Akt pathway negatively regulate p27
Kip1 transcription via Forkhead transcription factors (8) . However, the p27 Kip1 concentration is known to be mainly regulated by post-translational mechanisms (9, 10) . The best characterized mechanism of p27
Kip1 degradation is ubiquitin-dependent degradation by the proteasome. This pathway involves CDK2-dependent phosphorylation at Thr 187 followed by association with the SCF Skp2-Cks1 complex, ubiquitination, and degradation by 26 S proteasome (9, (12) (13) (14) (15) (16) (17) (18) (19) (20) . Several reports indicate that p27 Kip1 degradation can also occur independently of Thr 187 phosphorylation (21) or ubiquitination (22) . Moreover, caspases and calpain were reported to be associated with the p27 Kip1 degradation (23, 24) .
To exhibit the CDK-inhibitory function of p27 Kip1 , p27 Kip1 needs to be localized in the nucleus. The protein's nuclear import depends on its nuclear localization signal near the carboxyl terminus and its association with nuclear pore-associated protein 60 (25, 26) . The nuclear export of p27 Kip1 was mediated by interaction with the fifth component of the COP9 signalosome complex Jab1-CSN5 (27, 28) , with CRM1 (29), or with both via phosphorylation at Ser 10 (30, 31) . Recently, human kinase-interacting stathmin and Akt were identified as being responsible for Ser 10 phosphorylation (32, 33) . We have identified carboxyl-terminal Thr 198 as a novel Akt-dependent phosphorylation site (33) . Because phosphorylation at the Thr 198 residue promoted p27
Kip1 binding to 14-3-3 and the Thr 198 -phosphorylated p27 Kip1 dominantly localized in the cytoplasm, phosphorylation at Thr 198 might also be associated with p27
Kip1 cytoplasmic localization. In addition to the Akt-dependent pathway, the pathway to mitogen-activated protein kinase (MAPK) was found to affect p27
Kip1 regulation. Activation of the MAPK pathway was known to be associated with the nuclear export of p27 Kip1 (34) . Although MAPK has shown to phosphorylate p27 Kip1 directly (35) , Ser 10 and Thr 187 phosphorylation have not appeared as key events regulating p27
Kip1 localization (34 Kip1 through a Thr 198 phosphorylation-dependent mechanism. To prove the direct relationship between 14-3-3 binding and cytoplasmic localization of p27 Kip1 , we constructed a p27
Kip1 protein fused to the R18 peptide. The R18 peptide has been reported to bind to 14-3-3 independent of phosphorylation (36) . The p27
Kip1 -R18 fusion protein was localized mainly in cytoplasm, whereas the mutant p27
Kip1 -R18-K2, which had no 14-3-3 binding capability, localized mainly in the nucleus. These results indicate that RSKs promote 14-3-3 binding to p27
Kip1 by phosphorylation at the Thr 198 residue, allowing its cytoplasmic localization.
EXPERIMENTAL PROCEDURES
Reagents and Cell Culture Conditions-The recombinant active rat RSK1, active mouse Rsk2 (Y707A), and active human Akt1 proteins were obtained from Upstate Biotechnology, Inc. (Lake Placid, NY). LY294002 and 12-O-tetradecanoylphorbol-13-acetate were purchased from Sigma. PD98059 was purchased from Cell Signaling Technology (Beverly, MA). Our previously identified PDK1 inhibitor UCN-01 was kindly provided by Kyowa Hakko Kogyo (Tokyo, Japan) (37) . Human embryonic kidney 293T cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. Human lung cancer A549 cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum.
Plasmid Construction-The constitutively active (CA) human akt1 (E40K) in a pHM6 vector (Roche Applied Science), WT and mutant human p27
Kip1 in a pFLAG-CMV-2 vector (Sigma), and human WT 14-3-3, -␤, -, -, and -⑀ in a pHM6 vector were established in our laboratory (33, 38, 39) . The pFLAG-CMV-2 vector containing a p27 Kip1 -R18(Asp) chimera was established by generating an EcoRV site at the 3Ј end of p27 Kip1 using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) and by ligating the R18 peptide-coding sequence (36) to the EcoRV site. Because generation of the EcoRV site led to the conversion of a carboxyl-terminal threonine codon to an aspartic acid codon, we further mutated the aspartic acid codon to an alanine codon to generate the p27 Kip1 -R18. The codons of both aspartic acid 12 and glutamic acid 14 in the R18 peptide-coding sequence were further converted to lysine codons to make a p27 Kip1 -R18 chimera with no binding capability to the 14-3-3 protein (p27 Kip1 -R18(Asp)-K2 and p27
Kip1 -R18-K2) (36) . The WT mouse akt1, CA mouse akt1 (amino terminus myristoylated), WT rat MEK1, CA rat MEK1 (S218D/S222D), WT rat MEK2, and CA human H-ras (Q61L) cDNA in a pUSEamp vector were purchased from Upstate Biotechnology. The pMT2-HA vector containing rat RSK1 and mouse RSK2 cDNAs (40, 41) were kindly provided by Dr. Joe Avruch (Massachusetts General Hospital, Boston, MA) and Dr. Christian Bjorbaek (Beth Israel Deaconess Medical Center, Boston, MA), respectively. The kinase-dead form of RSK1 cDNA (D205N) (42) was generated by mutagenesis. Mouse WT MAPK2 cDNA was amplified by PCR with a pUSEamp-mouse MAPK2 plasmid (Upstate Biotechnology) in which the internal EcoRI site had been mutated, and the EcoRI-EcoRI fragment of the cDNA was subcloned into a pHM6 vector. Human full-length WT PTEN (phosphatase and tensin homologue deleted in chromosome 10) cDNA (WT PTEN) was generated by PCR with an NIH/MGC clone (MGC ID3937787) as the template (43) . The C124S-and G129R-PTEN cDNAs with no phosphatase activity (44 -46) were generated by mutagenesis. Human WT 14-3-3 cDNA was obtained by PCR with an NIH/MGC clone (MGC ID2822397) as the template (43) . The PCR products were cloned into a pCRII vector (Invitrogen). Then PTEN and 14-3-3 cDNAs were subcloned into a pFLAG-CMV-2 or a pHM6 vector. All plasmid DNAs used for transfection were purified with an EndoFree Qiagen plasmid Maxi kit according to the manufacturer's protocol (Qiagen, Chatsworth, CA).
Transient Transfection, Immunoprecipitation, and Western Blot Analysis-Cells were transfected with appropriate plasmids using Superfect transfection reagent (Qiagen) or LipofectAMINE 2000 reagent (Invitrogen), according to the manufacturer's instructions.
Immunoprecipitation and Western blot analysis were performed as described previously (47) . In some experiments, nuclear and cytoplasmic fractions were separated using an NE-PER extraction kit according to the manufacturer's instructions (Pierce). Endogenous p27 Kip1 was immunoprecipitated with protein A-agarose that had been conjugated with a rabbit polyclonal antibody to p27 Kip1 Kip1 cDNA were induced for 2 h with 1 mM isopropyl-␤-D-thiogalactopyranoside at 30°C with shaking (39) . Cells were harvested, and recombinant proteins were purified using GST purification modules according to the manufacturer's instructions (Amersham Biosciences).
In Vitro Phosphorylation of p27 Kip1 Protein-GST-tagged p27 Kip1 protein was incubated with recombinant active RSK1, active RSK2, or active Akt in 40 l of kinase reaction buffer (20 mM MOPS, 25 mM ␤-glycerol phosphate, 5 mM EGTA, 1 mM sodium orthovanadate, 1 mM dithiothreitol, 112.5 M ATP, and 17 mM magnesium chloride) at 30°C for 2 h in the presence or absence of 15 Ci of [␥-
32 P]ATP. The reactions were electrophoresed and the levels of incorporated radioactivity were visualized and quantified with a BAS1000 Bio-Imaging analyzer (Fuji Film, Tokyo, Japan). The reactions were also electrophoresed and immunoblotted using antibodies to GST, phospho-p27
Kip1 (Ser 10 ), phospho-p27
Kip1 (Thr   187   ) , or phospho-(Ser/Thr) Akt substrate. Immunostaining-293T cells were transfected with a pFLAG-CMV-2 vector encoding the p27 Kip1 -R18 or p27 Kip -R18-K2. After transfection for 24 h, cells were incubated for an additional 24 h in medium containing 10 M bromodeoxyuridine (BrdUrd; Sigma) and 1 M fluorodeoxyuridine. After washing, cells were fixed with 3.7% formaldehyde for 15 min at 37°C, permeabilized with 0.2% Triton X-100, and rinsed with phosphate-buffered saline. The cells were then blocked with 1% bovine serum albumin for 18 h at 23°C. After blocking, we incubated the cells with anti-FLAG rabbit polyclonal antibody (1:250 dilution; Sigma) for 1 h, washed them with phosphate-buffered saline, and incubated them with Oregon Green-conjugated anti-rabbit antibody (1:500 dilution; Molecular Probes, Inc., Eugene, OR) for 1 h. After washing, we denatured the DNA by treatment with 4 N HCl for 30 min at 37°C. Cells were rinsed twice and incubated with mouse monoclonal anti-BrdUrd antibody (1:100 dilution; Sigma) for 1 h, rinsed, and incubated with rhodamine red-conjugated anti-mouse antibody (1:500 dilution; Molecular Probes) for 1 h. After washing, we visualized cells using a fluorescence microscope (Olympus IX-70, Olympus, Tokyo, Japan) equipped with a CCD camera.
RESULTS

Involvement of the Ras/MEK Pathway in p27
Kip1 Phosphorylation at Threonine 198 -We previously identified a novel phosphorylation site, carboxyl-terminal Thr 198 , in p27 Kip1 (33) . Serine/threonine kinase Akt was able to phosphorylate the site. To confirm the role of Akt-mediated phosphorylation, we transfected WT and mutant PTEN cDNAs to suppress Akt kinase activity. As shown in Fig. 1A Kip1 was co-transfected with the active form of H-ras, p27
Kip1 was phosphorylated at the Thr 198 residue (Fig. 1C) . Because transfection of the active form of MEK1 could more effectively phosphorylate p27 Kip1 at Thr 198 than WT MEK1 (Fig. 1C) Kip1 together with MAPK. In some experiments, the active form of MEK1 was further transfected to activate MAPK. As shown in Fig. 1C , transfection of the active form of MEK1 increased the amount of phospho-p27
Kip1 (Thr 198 ). However, transfection of MAPK could promote p27
Kip1 phosphorylation only slightly, even when MAPK was activated by cotransfection with the active form of MEK1 (Fig. 2A, lane 2) Kip1 was incubated in vitro with the recombinant active RSK1 or RSK2, p27
Kip1 was phosphorylated (Fig.  3A, lanes 2 and 3) . This result indicates that p27
Kip1 is one of the substrates of RSKs. We then checked the phosphorylation site of p27
Kip1 by Western blot analysis using anti-phosphop27
Kip1 antibodies. Fig. 3B Kip1 binding to endogenous 14-3-3 proteins after RSK-mediated phosphorylation. We observed that transfection of the active form of MEK1 alone or WT RSK1 alone could not promote p27
Kip1 binding to 14-3-3 proteins (Fig. 4A, lanes 3 and 4) . However, co-transfection of the active form of MEK1 and WT RSK1 dramatically promoted p27
Kip1 phosphorylation at the Thr 198 site and p27 Kip1 binding to endogenous 14-3-3 proteins (Fig. 4A, lane 5 binding to 14-3-3 proteins (Fig. 4A, lane 6) , the Thr 198 residue, but not the Ser 10 , was involved in RSK-mediated p27 Kip1 binding to 14-3-3 proteins. We also checked the effects of MEK inhibitor PD98059 on p27
Kip1 ⅐14-3-3 complex formation. As shown in Fig. 4B, endogenous p27 Kip1 formed a complex with endogenous 14-3-3 protein in A549 cells. Although treatment of A549 cells with 50 M PD98059 alone did not affect the p27
Kip1 ⅐14-3-3 binding, 12-O-tetradecanoylphorbol-13-acetateinduced 14-3-3 binding to p27
Kip1 was suppressed by pretreatment of the cells with PD98059 (Fig. 4B, lanes 2 and 4) . This result suggests that Raf/MEK/RSK pathway participates in p27
Kip1 binding to 14-3-3 in cells. By transfecting HA-tagged 14-3-3 isoforms, we checked the p27 Kip1 -binding capability to 14-3-3 isoforms. p27
Kip1 bound to 14-3-3 and 14-3-3 and, to a lesser degree, to 14-3-3⑀ and 14-3-3 (Fig. 4C, lanes 2, 5, 6 , and 7, respectively). However, p27
Kip1 could not bind to 14-3-3␤ and (Fig. 4C, lanes 3 and 4) . These results were consistent with our previous report that not all 14-3-3 isoforms bound to phospho-p27
Kip1 (33) . Nuclear localization of p27
Kip1 is essential for exhibiting its CDK inhibitory effects. Next, we investigated the subcellular localization of p27 Kip1 in vivo. After transfecting WT p27
Kip1
with the active form of MEK1 plus WT RSK1 or the active form of akt, nuclear and cytoplasmic fractions were separated using an NE-PER extraction kit. Immunoblot analysis clearly indicated that phospho-p27 Kip1 (Thr 198 ) is localized mainly in the cytoplasm (Fig. 5A, lanes 1, 3, and 5) . When WT p27 Kip1 and the active form of akt were co-transfected into 293T cells, p27 Kip1 was localized mainly in the cytoplasm (Fig. 5B, lanes 1 and 2) . However, T198A-p27
Kip1 was localized in both nuclear and cytoplasmic fractions even in the presence of the active form of Akt (Fig. 5B, lanes 3 and 4) . These results suggest that phosphorylation at the Thr 198 residue promotes 14-3-3 binding and cytoplasmic localization of p27 Kip1 .
Critical Role of 14-3-3 Binding for p27
Kip1 Cytoplasmic Localization-To evaluate precisely the role of 14-3-3 binding in cytoplasmic localization of p27 Kip1 , we constructed p27 Kip1 -R18(Asp) in which p27
Kip1 cDNA was ligated to the R18 coding sequence at the 3Ј-end (Fig. 6A) . The R18 peptide was originally identified as the peptide bound to 14-3-3 proteins in a phosphorylation-independent manner (36) . We also generated p27 Kip1 -R18 cDNA to exclude the possibility that 14-3-3 proteins bound to Asp 198 in the p27 Kip1 -R18(Asp) chimera protein. Because aspartic acid 12 and glutamic acid 14 in the R18 peptide were critical for the R18 binding to 14-3-3 (36), we further mutated these residues to lysine to make the p27 Kip1 -R18(Asp)-K2 and p27
Kip1 -R18-K2 with no binding ability to (lanes 2 and 3) . B, 293T cells were transfected with a pFLAG-CMV-2 vector encoding none (lane 1) or WT p27 Kip1 (lanes 2-8) together with a pUSEamp vector encoding none (lanes 1, 2, 7, and 8 14-3-3 protein (Fig. 6A) . As shown in Fig. 6B , the p27 Kip1 -R18(Asp) chimera protein could bind to all 14-3-3 isoforms. As expected, phosphorylation was not required for the p27
Kip1 -R18(Asp) chimera binding to 14-3-3, because the p27 Kip1 -R18(Asp) could bind to 14-3-3 without akt (Fig. 6C, lane 3) or CA MEK1 plus WT RSK1 transfection (data not shown). The binding capabilities of the p27 Kip1 -R18(Asp) and p27 Kip1 -R18 to the 14-3-3 protein seemed to be almost equal (Fig. 6D, lanes 3  and 5) , suggesting that Asp 198 in the p27 Kip1 -R18(Asp) is not associated with the p27 Kip1 -R18(Asp) binding to the 14-3-3 protein. Moreover, the p27 Kip1 -R18(Asp)-K2 and p27 Kip1 -R18-K2 could not bind to 14-3-3 at all (Fig. 6D, lanes 4 and 6) . These results clearly indicate that the p27 Kip1 -R18(Asp) and p27
Kip1 -R18 bind to 14-3-3 proteins at the R18 peptide independent of phosphorylation.
The p27 Kip1 -R18 chimera proteins were useful in examining the role of 14-3-3 binding in subcellular localization of p27 Kip1 , because there was no need to transfect MEK, RSK or akt, which would modulate expression, localization, or phosphorylation status of other proteins. We then examined the subcellular localization of the p27
Kip1 -R18 and p27 Kip1 -R18-K2 proteins. As shown in Fig. 7A , the p27 Kip1 -R18-K2 was detected in both nuclear and cytoplasmic fractions (lanes 3 and 4) . However, the p27 Kip1 -R18 protein was mainly localized in the cytosol (Fig.  7A, lanes 1 and 2) . The p27
Kip1 -R18 mutant carrying an S10A mutation also localized primarily in the cytosol (data not   FIG. 4. Induction of p27 Kip1 binding to 14-3-3 by RSK-dependent phosphorylation. A, 293T cells were transfected with a pFLAG-CMV-2 vector encoding none (lanes 1 and 2) , WT p27
Kip1 (lanes 3-5) or T198A-p27 Kip1 (lane 6) together with a pUSEamp vector encoding HAtagged constitutively active MEK1 (HA-CA-MEK1; lanes 1, 3, 5, and 6) , a pMT2-HA vector encoding WT RSK1 (HA-RSK1; lanes 2 and 4 -6) , or both. The FLAG-tagged proteins were immunoprecipitated and subjected to immunoblot analysis using antibodies to 14-3-3␤ (top panel) or FLAG (middle panel). Phosphorylation level of p27 Kip1 and expression level of transfected RSK1 and MEK1 proteins were confirmed upon immunoblot analysis of the cell lysates using antibodies to phospho-(Ser/Thr) Akt substrate (bottom panel) or HA (data not shown). B, A549 cells were treated with (ϩ) or without (Ϫ) 50 M PD98059 for 8 h. In some samples, 0.2 M 12-O-tetradecanoylphorbol-13-acetate was added to the culture for the last 2 h of incubation. Then endogenous p27 Kip1 proteins were immunoprecipitated, and co-immunoprecipitated endogenous 14-3-3 proteins were analyzed by immunoblot analysis using an antibody to 14-3-3␤ (HϪ8) (upper panel). The amounts of immunoprecipitated p27
Kip1 proteins were confirmed by immunoblot analysis using a monoclonal antibody to p27 Kip1 (lower panel). C, 293T cells were transfected with a pHM6 vector containing none (Ϫ, lane 1), or WT 14-3-3, -␤, -, -, -⑀, or -cDNAs (lanes 2-7, respectively) together with pFLAG-CMV-2-WT p27 Kip1 , pUSEamp-HA-CA-MEK1 and pMT2-HA-WT RSK1. The FLAG-tagged proteins were immunoprecipitated, and co-immunoprecipitated proteins were analyzed by immunoblot analysis using antibodies to HA (top panel) or FLAG (second panel). The expression level of transfected RSK1, MEK1 and 14-3-3 proteins was confirmed upon immunoblot analysis of the cell lysates using an anti-HA antibody (bottom panel). The asterisks indicate the background bands. The positions of molecular mass standards (kDa) are shown on the right. IP, immunoprecipitation.
FIG. 5. Phosphorylation of p27
Kip1 at Thr 198 induces its cytoplasmic localization. A, 293T cells were transfected with a pFLAG-CMV-2 vector encoding WT p27 Kip1 (lanes 1-6) together with a pUSEamp vector encoding myristoylated active-Akt (Myc-CA-Akt; lanes 3 and 4) or pUSEamp-HA-CA-MEK1 plus pMT2-HA-WT RSK1 (CA-MEK1ϩRSK1; lanes 5 and 6). The cytoplasmic (C) and nuclear (N) fractions were separated, electrophoresed, and immunoblotted using antibodies to phospho-(Ser/Thr) Akt substrate (top panel), FLAG (middle panel), or topoisomerase II␤ (bottom panel). B, 293T cells were transfected with a pFLAG-CMV-2 vector encoding WT p27
Kip1 (WT, lanes 1 and 2) or T198A-p27
Kip1 (T198A, lanes 3 and 4) together with a pUSEamp vector encoding myristoylated active-Akt (lanes 1-4) . The cytoplasmic (C) and nuclear (N) fractions were separated, electrophoresed, and immunoblotted using antibodies to FLAG (upper panel) or topoisomerase II␤ (lower panel). The positions of molecular mass standards (kDa) are shown on the right. shown). We performed immunostaining of 293T cells that had been transfected with the p27 Kip1 -R18 or p27 Kip1 -R18-K2. We observed that the p27 Kip1 -R18-K2 was localized mainly in the nuclei, whereas the p27 Kip1 -R18 was distributed mainly in the cytosol (Fig. 7B) . These results strongly indicate that 14-3-3 binding regulates the cytoplasmic localization of p27 Kip1 .
DISCUSSION
Phosphorylation of p27 Kip1 has been thought to regulate its concentration and subcellular localization. CDK2-dependent phosphorylation at Thr 187 was well characterized and shown to be associated with proteasome-dependent degradation (9, (12) (13) (14) (15) (16) (17) (18) (19) (20) . However, recent data using T187A knock-in and Skp2 Ϫ/Ϫ mice suggest that more than one mechanism regulates p27 Kip1 degradation and that p27
Kip1 proteolysis occurs in a Thr 187 -independent manner in the early G 1 phase (21, 50). The Ser 10 residue was identified as a major phosphorylation site of p27
Kip1 (30) . The extent of phosphorylation at Ser 10 was 75-fold greater than that at Thr 187 . Since p27 Kip1 bound to Jab1-CSN5 (27, 28) and/or CRM1 (29) after phosphorylation at Ser 10 , the extent of phosphorylation at that residue might regulate the nuclear-cytoplasmic shuttling. The human kinase-interacting stathmin and Akt were reported to be associated with p27 Kip1 phosphorylation at Ser 10 (32, 33) . We confirmed the Akt-dependent phosphorylation of p27 Kip1 at Ser 10 by incubating recombinant p27 Kip1 with Akt (Fig. 3B) . In this report, we identified that RSKs were also associated with the phosphorylation at Ser 10 ( Fig. 3B) . However, Ser 10 phosphorylation is not sufficient to promote cytoplasmic localization of p27
Kip1 since the S10D mutant is also localized in the nucleus in G 0 /G 1 phase cells (31 Kip1 localization (33) . To confirm the role of Akt in p27
Kip1 localization in tumor cells, we examined the effects of tumor suppressor PTEN, since the loss of PTEN is often observed in tumor cells and this loss increases the amount of phosphatidylinositol 3,4,5-trisphosphate that, in turn, activates Akt (44 -46) . While examining the effect of PTEN on p27
Kip1 phosphorylation, we found that inhibition of the PI3K-Akt pathway was not sufficient to decrease the level of Thr 198 phosphorylation (Fig. 1A) . We found that the Ras/Raf/ MEK pathway was also involved in p27
Kip1 phosphorylation at the Thr 198 residue (Fig. 1, B and C) . Interestingly, overexpression of MAPKs could not dramatically increase the phosphoThr 198 level ( Fig. 2A) , whereas MAPKs were reported to phosphorylate p27
Kip1 directly (35) . We found that MAPKs preferentially phosphorylated the Thr 187 and Ser 10 sites (data not shown). Because the phospho-Thr 198 level was almost perfectly down-regulated by treating cells with the PDK1 inhibitor UCN-01 (37) (Fig. 1B) , the Akt-independent p27
Kip1 phosphorylation might be mediated by kinase(s) downstream of both MEK and PDK1. The kinase activity of RSK was regulated by MAPK and PDK1 (48, 51) . Moreover, the RSK recognition and phosphorylation motif is RXRXX(pS/pT), which is identical to that of Akt (51) . Thus, we investigated the role of RSKs and found that they bound to and phosphorylate p27
Kip1 at the Thr 198 residue (Figs. 2 and 3 ). Since the T198A mutation resulted in nuclear localization increase (Fig. 5B) , it follows that phosphorylation at the Thr 198 residue plays some role in p27
Kip1 localization. Therefore, the MAPK cascade also affects the p27
Kip1 localization via RSK-dependent phosphorylation at the Thr 198 residue. The identified phosphorylation site around the Thr 198 residue is homologous to 14-3-3 binding motifs (RXX(pS/pT) or RXXX(pS/pT)) (49) . We then investigated p27
Kip1 binding to 14-3-3 and found, consistent with our previous report (33) , not only transfected 14-3-3 isoforms but also endogenous 14-3-3 could form complexes with p27
Kip1 in a Thr 198 phosphorylationdependent mechanism (Fig. 4 ). 14-3-3 is known to drive cytoplasmic localization of many proteins by masking intrinsic nuclear localization signals or unmasking intrinsic nuclear export signals that lie close to their binding sites (49) . In addition, 14-3-3 was capable of promoting nuclear accumulation by blocking access to CRM1-dependent nuclear export sequences (52) . To prove the role of 14-3-3 binding in p27 Kip1 subcellular localization, we generated a p27
Kip1 -R18 fusion construct (Fig. 6A) . The R18 coding sequence was originally identified as a 14-3-3 binding motif by screening phage display . A, 293T cells were transfected with a pFLAG-CMV-2 vector encoding the p27
Kip1 -R18 (R18; lanes 1 and 2) or p27 Kip1 -R18-K2 (R18-K2; lanes 3 and 4) together with pUSEamp-HA-CA-MEK1 plus pMT2-HA-WT RSK1. The cytoplasmic (C) and nuclear (N) fractions were separated, electrophoresed, and immunoblotted using antibodies to FLAG (upper panel) or topoisomerase II␤ (lower panel). B, 293T cells were transfected as above and were incubated for 24 h in medium containing 10 M BrdUrd. The FLAG-tagged p27
Kip1 -R18 proteins were detected by staining with an anti-FLAG antibody, following Oregon Green-conjugated anti-rabbit antibody incubation. Nuclei were also detected by staining with an anti-BrdUrd antibody (1:100 dilution; Sigma) for 1 h, rinsed, and incubated with rhodamine red-conjugated anti-mouse antibody. After washing, cells were visualized using a fluorescence microscope. The transfected p27
Kip1 -R18 proteins were observed in green (left panels), and the nuclei of the cells were observed in red (middle panels). Nuclear localization of the p27
Kip1 -R18-K2 protein, but not p27 Kip1 -R18, was observed in the merged image (right panels; yellow). Naoya Fujita, Saori Sato and Takashi Tsuruo
